
ABSTRACT 

HERRING,  STEPHANIE LAUREN. Effects of Soil Texture and Soil Moisture on 
Rotylenchulus reniformis Populations and Cotton Yield in Microplot Systems. (Under the 
direction of Dr. Stephen R. Koenning.) 
 

The effects of soil type, irrigation, and population density of Rotylenchulus 

reniformis on cotton were evaluated in a microplot experiment conducted from 2008 

through 2009. Six soil types, Fuquay sand (91% sand, 6% silt, 3% clay, 0.6% organic 

matter), Norfolk sandy loam (84% sand, 12% silt, 4% clay, 1.4% organic matter), 

Portsmouth loamy sand (72% sand, 18% silt, 10% clay, 3.8% organic matter), Muck 

(58% sand, 33% silt, 9% clay, >30% organic matter), Cecil sandy loam (53% sand, 18% 

silt, 29% clay, 2.2% organic matter), and Cecil sandy clay (48% sand, 13% silt, 39% 

clay, 0.9% organic matter), were arranged in randomized complete blocks with five 

replications and a minimum of two treatment duplicates per replicate for a total of 240 

plots.  Irrigation effects on cotton earliness were measured by conducting four separate 

manual harvests of the crop in 2008 and three separate harvests in 2009. These harvests 

were combined and ginned to obtain a measure of overall lint yield per plot. Final 

population (Pf) densities of R. reniformis were greatest in the Portsmouth loamy sand. 

However, in spite of R. reniformis population densities, crops planted in this soil did not 

have a significant difference in lint yield from a Muck soil that averaged the greatest lint 

yield per plot. Irrigation did not appear to affect average lint yield for a Cecil sandy clay 

(P = 0.20), Cecil sandy loam (P = 0.45) or Fuquay sand (P = 0.36). However it did affect 

yield in Muck (P = 0.0001), Norfolk sandy loam (P = 0.0001) and Portsmouth loamy 

sandy where it was shown to interact with initial nematode population (Pi) (P = 0.01). 

The only soil that showed no relationship between yield and Pi was Cecil sandy loam (P 



= 0.47). Although addition of irrigation did increase yield, the effect on earliness would 

likely offset any benefits seen from this increase in commercial operation. The 

Portsmouth sandy loam was one of the best yielding soils tested. However, it had the 

greatest nematode populations and was the only soil in which a measurable irrigation × Pi 

interaction occurred. Regression analysis suggested that such an interaction may also 

occur in Norfolk sandy loam and perhaps to a lesser extent in Fuquay sand. The excellent 

productivity of these soils for cotton is a likely the reason the Pi × irrigation interaction 

was only observable in these systems. The Fuquay sand was expected to show little effect 

of irrigation due to its inability to retain water, and the opposite may be responsible for 

the lack of significant differences in irrigated and nonirrigated crops in Cecil sandy loam 

and Cecil sandy clay; the good soil moisture retention properties of these soils allowed 

for similar growth in both systems. However, the over all poor productivity of the Cecil 

sandy loam and Cecil sandy clay soils likely contributes to these results as well.
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ABSTRACT 

HERRING,  STEPHANIE L. Effects of Soil Texture and Soil Moisture on Rotylenchulus 
reniformis Populations and Cotton Yield in Microplot Systems. (Under the direction of 
Dr. Stephen R. Koenning). 
 

The effects of soil type, irrigation, on population density of Rotylenchulus 

reniformis and cotton were evaluated in a microplot experiment conducted from 2008 

through 2009. Six soil types, Fuquay sand (91% sand, 6% silt, 3% clay, 0.6% organic 

matter), Norfolk sandy loam (84% sand, 12% silt, 4% clay, 1.4% organic matter), 

Portsmouth loamy sand (72% sand, 18% silt, 10% clay, 3.8% organic matter), Muck 

(58% sand, 33% silt, 9% clay, >30% organic matter), Cecil sandy loam (53% sand, 18% 

silt, 29% clay, 2.2% organic matter), and Cecil sandy clay (48% sand, 13% silt, 39% 

clay, 0.9% organic matter), were arranged in randomized complete blocks with five 

replications and a minimum of two treatment duplicates per replicate for a total of 240 

plots.  Irrigation effects on cotton earliness were measured by conducting four separate 

manual harvests of the crop in 2008 and three separate harvests in 2009. These harvests 

were combined and ginned to obtain a measure of overall lint yield per plot. Final 

population (Pf) densities of R. reniformis were greatest in the Portsmouth loamy sand. 

However, in spite of R. reniformis population densities, crops planted in this soil did not 

have a significant difference in lint yield from a Muck soil that averaged the greatest lint 

yield per plot. Irrigation did not appear to affect average lint yield for a Cecil sandy clay 

(P = 0.20), Cecil sandy loam (P = 0.45) or Fuquay sand (P = 0.36). However it did affect 

yield in Muck (P = 0.0001), Norfolk sandy loam (P = 0.0001) and Portsmouth loamy 

sand where it was shown to interact with initial nematode population (Pi) (P = 0.01). The 
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only soil that showed no relationship between yield and Pi was Cecil sandy loam (P = 

0.47). Although addition of irrigation did increase yield, the effect on earliness would 

likely offset any benefits seen from this increase in commercial operation. The 

Portsmouth sandy loam was one of the best yielding soils tested. However, it had the 

greatest nematode populations and was the only soil in which a measurable irrigation × Pi 

interaction occurred. Regression analysis suggested that such an interaction may also 

occur in Norfolk sandy loam and perhaps to a lesser extent in Fuquay sand. The excellent 

productivity of these soils for cotton is a likely the reason the Pi × irrigation interaction 

was only observable in these systems. The Fuquay sand was expected to show little effect 

of irrigation due to its inability to retain water, and the opposite may be responsible for 

the lack of significant differences in irrigated and nonirrigated crops in Cecil sandy loam 

and Cecil sandy clay; the good soil moisture retention properties of these soils allowed 

for similar growth in both systems. However, the over all poor productivity of the Cecil 

sandy loam and Cecil sandy clay soils likely contributes to these results as well. 
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INTRODUCTION 

 

Rotylenchulus reniformis was first described in 1940 by Linford and Oliveira on 

the Hawaiian island of Oahu. R. reniformis, also referred to as the reniform nematode due 

to the kidney-like shape of the sedentary mature female, has a highly specialized life 

cycle (Figure 1) (Linford and Oliveria, 1940; Heald and Orr, 1984).  Like most plant 

parasitic nematode species, the first molt takes place while the juvenile is still inside the 

egg (Sivakumar and Seshadri, 1971; Robinson et al., 1997). As R. reniformis goes 

through the remainder of its juvenile molts it retains its old cuticle, causing the 

nematodes to effectively decrease in length as it approaches maturity (Bird, 1983; 

Robinson et al., 1997). During this period the nematode does not feed, an atypical trait 

among plant parasitic nematodes (Linford and Oliveria, 1940; Sivakumar and Seshadri, 

1971). Following the final molt the adults emerge as infective parasitic stage females and 

non-parasitic males in a ratio of approximately 1:1. The males do not feed and remain in 

the soil profile while the females migrate to the stele within the plant in order to set up a 

syncytium (Sivakumar and Seshadri, 1971; Heald and Orr, 1984).   Following syncytium 

development the female prepares to lay eggs by secreting a gelatinous matrix (Heald and 

Orr, 1984). The average number of eggs per female is usually about 60, but can range 

from 40-200. Under optimal conditions, temperatures between 27° and 32°C, the time 

from egg to egg may take as few as 17 days but has also been reported to require as much 

as  24-29 days (Heald and Orr, 1984).  
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The rapidity with which it is able to reproduce allows R. reniformis to complete 

anywhere from 5-7 generations a year making management of R. reniformis a challenge. 

In addition to its rapid reproductive rate, its abilities to colonize deep levels in the soil 

profile to improve over winter survival and to enter an anhydrobiotic state further 

complicate management (Koenning et al., 2004; Robinson et al., 2005).  

As with most nematode infestations in cotton systems, crop rotation and 

nematicide use are the major management tactics for R. reniformis. Though rotation is 

effective in lowering R. reniformis population density, crop rotation is not a viable 

solution in much of the US where cotton is often grown in monoculture (Davis et al., 

2003). This is partly due to the broad host range of R. reniformis, which makes it difficult 

to select a crop that is economically feasible for growers as well as suitably resistant.  

In fact since its discovery on cowpea in 1940, Rotylenchulus reniformis has been 

demonstrated or reported to reproduce on a number of different host plants. A survey 

published in 1997 found evidence for reproduction reported on 314 different plant species 

spanning 77 different plant families.(Robinson et al., 1997)  Non-host crops such as 

resistant soybean, corn, peanut and sorghum are among those investigated as possible 

rotation candidates for susceptible crops such as cotton and sweetpotato (Thames and 

Heald, 1974; Heald and Carter, 1985; Cabanillas et al., 1999; Overstreet et al., 2002; 

Davis et al., 2003; Koenning et al., 2004; Westphal and Scott, 2005; Koenning et al., 

2007; Stetina et al.,2007; Smith et al.,2009).  However many of the soybean cultivars 

resistant to R. reniformis are still not utilized for economic reasons even though research 

has shown a marked reduction in nematode population following one of these non-host 
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crops or the introduction of a fallow period (Thames and Heald, 1974; Heald and Carter, 

1985; Cabanillas et al., 1999; Overstreet et al., 2002; Davis et al., 2003; Westphal and 

Scott, 2005; Stetina et al., 2007; Smith et al., 2009). For example in 2002, Overstreet et 

al. reported in Louisiana only 25-30% of the cotton crop was rotated to a non-host or a 

resistant host.  On going research, however, demonstrates that reniform nematode 

populations rebound very soon after land is returned to a susceptible host crop.  Research 

has also shown that rotation is not significantly more effective than the application of a 

commercial nematicide and rotation may also result in an increase of other pathogenic 

nematode species (Thames and Heald, 1974; Heald and Carter, 1985; Cabanillas et al., 

1999; Overstreet et al., 2002; Davis et al., 2003; Westphal and Scott, 2005; Koenning et 

al., 2007; Stetina et al., 2007; Smith et al., 2009). Nematicide application is an alternative 

to rotation, but environmental concerns and expense make their usage also problematic.  

Due to all these issues related to R. reniformis management, it is important to 

understand the factors that can influence the damage caused by this nematode. Soil 

texture can affect the ability of the host plant to thrive and the subsequent crop-yield 

suppression caused by plant-parasitic nematodes. The reniform nematode has been 

associated with soil types having greater silt and (or) clay contents than most plant 

pathogenic nematodes (Robinson et al., 1987; Heald and Robinson, 1990; Koenning et 

al., 1996; Koenning et al., 2004; Moore et al., 2008). However, at least one study 

conducted in the Lower Rio Grande Valley of Texas, found no effect of soil type on 

population densities of R. reniformis, but this may be attributed to the soils investigated 

having similar textural characteristics (Cabanillas et al., 1999).  
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The additional influence of moisture stress on crop yield and nematodes also has 

the potential to impact the percent of crop loss seen in a given year. Challenges being 

faced concerning climate change put emphasis on the impact severe drought might play 

on crop productivity in the presence of nematode pathogens. Keeping these factors in 

mind, one of the goals of this project was to determine the effect of irrigation and how it 

interacts with soil texture. In recent related studies, Moore and Lawrence noted such an 

interaction effect on nematode reproduction and on cotton yield in a microplot system 

(Moore and Lawrence, 2009). The roles of irrigation and soil texture are also important in 

the context of recent advances in tactics for nematode management using precision 

agricultural systems to improve application of fertilizers and pesticides (Vanden Heuvel, 

1996; Monfort et al., 2007; Starr et al., 2007). Precision agriculture is of particular 

interest in managing nematode populations because nematicide application in particular is 

problematic due to the tendency toward high mammalian toxicity, potential to 

contaminate groundwater, and other non-target effects.  Precision application of 

nematicides using GIS/GPS systems has the potential to lower the costs of nematicides 

by limiting their placement to portions of fields where they are most beneficial (Monfort 

et al., 2006). However, more basic knowledge about the impact of soil moisture, soil 

texture, plant growth, and nematode interactions are required before precision application 

technology can effectively be utilized. 

Another project goal was to examine the effects of different soil textures and 

nematode populations in the presence and absence of water stress on an economically 

important host crop. Cotton is grown increasingly in areas of the Southeast and is 
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considered an important crop for many of these farmers who must invest large sums of 

money for the specialized machinery. In spite of the cost of specialization, cotton 

production retains one of the highest farmgate values; surpassed in global returns by only 

wheat, rice, soybean and maize (Robinson, 2007; Anonymous, 2009b). Upland cotton, 

Gossypium hirsutum, accounts for 95 percent of the cotton grown in the United States 

and production for the 2008/2009 season was 12.82 million 217.7 kg bales (Edmisten et 

al., 2005; Anonymous, 2009b).  Although cotton is grown and harvested as an annual 

crop it is a perennial plant giving it characteristics that must be considered in its 

management (Edmisten et al., 2005). Cotton is tolerant to drought stress and may become 

dormant during these periods of moisture stress, resuming growth once favorable 

conditions return (Edmisten et al., 2005). Instead of flowering occurring at a separate or 

distinct growth stage, cotton continues to grow vegetatively as it flowers (Edmisten et al., 

2005). Simultaneous vegetative growth and fruiting, coupled with the plant’s tropical 

origins and its preference for warm to hot growing conditions, also have large impacts on 

harvesting (Edmisten et al., 2005).  

In conventional systems cotton is harvested once in the fall and since the bolls set 

at different times there is a percentage that may not be harvestable. For this reason the 

timing of the crop becomes a major agronomic issue and the amount of rainfall plays a 

roll in the development of this trait.(Edmisten et al., 2005) With these considerations and 

a growing global population and subsequently demand, reducing loss due to the influence 

of pathogens becomes of major importance.  
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Keeping all the factors associated with both cotton cropping and the reniform 

nematode in mind, the major goal of the study was to evaluate the effects of soil texture 

and soil moisture and R. reniformis on cotton. Objectives focused firstly, on the influence 

of irrigation and soil type on cotton lint yield production in the presence of reniform 

nematode. Secondly, the effects of any possible interaction between soil moisture and 

reniform nematode population also on cotton lint yield production. 
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MATERIALS AND METHODS 

 

A soil type and irrigation experiment was conducted in 2008 and 2009 utilizing 

microplots located at the Central Crops Research Station located near Clayton, NC.   

Selected plots were previously infested with R. reniformis at various levels including no 

infestation (Koenning et al., 1996). Plots each contained one of six soil types; five soils 

Norfolk sandy loam, Portsmouth loamy sand, Muck, Cecil sandy loam and Cecil sandy 

clay, collected from the plow layer (Ap horizon material) of other sites and the 

indigenous soil, a Fuquay sand (Rich and Barker, 1984; Windham and Barker, 1986; 

Schmitt et al., 1987; Windham and Barker, 1988; Barker et al., 1988; Barker and Weeks, 

1991; Koenning and Barker, 1995; Koenning et al., 1996). The soils were arranged in 

five randomized complete blocks at the common location in microplots that were 0.76-m-

d and approximately 0.61 meters deep (Barker et al., 1979). The scientific classification 

and the sand, silt, clay and organic matter percentages of these soils as taken from their 

native sites are listed in Table 1.  

Plots were randomly assigned either to a high or low moisture regime in 2008 

following initial population sampling. All combinations of population level and soil type 

were equally represented and plots retained their moisture assignment for both years of 

the study. Plots assigned to the high moisture regime were irrigated every other week day 

in three one hour increments using trickle irrigation. Irrigation levels differed based on 

the drainage properties of each soil texture to achieve approximately field capacity for 

each irrigated plot. Muck soil received an irrigation rate of 37.9 liters/hour, Fuquay sand 

 9



and Norfolk sandy loam a rate of 26.52 liters/hour and the remaining soil types a rate of 

18.95 liters/hour. Low moisture treatments only received irrigation after significant dry 

periods which threatened the life of the plants (Table 2). All plots were covered with 

opaque, white plastic tops to reduce the effects of rainfall events. 

Moisture•point (Model MP-917, E.S.I. Environmental Sensors Inc., 2071C 

Malaview Avenue, Sidney BC V8L 5X6, Canada) probes were installed in 24 of the plots 

to monitor soil moisture. Plots for probe installation were selected using a random 

numbers table. Each population density and moisture regime combination was 

represented per soil type and probes remained in selected plots through out the study. 

Readings were taken prior to the application of any irrigation following two weeks of the 

plots being covered in 2008 in order to establish a baseline. Readings also were taken at 

midseason and at the time of final harvest in 2008 (Table 3, Table 5). Following readings 

in 2008, irrigation was applied to all plots to prepare for soil sampling. Readings began 

prior to irrigation treatments in 2009 and continued periodically until weather required 

irrigation be discontinued (Table 4, Table 6).     

 Microplots were planted in mid-June in 2008 and mid-May in 2009 with cotton 

cultivar ST5327B2RF (Stoneville Pedigreed Seed, Stoneville MS). Cotton seed was 

treated with imidacloprid (Gaucho®, Bayer Crop Science, Research Triangle Park, 

NC) for prevention of early season insect damage. Cotton was grown in accordance with 

practices recommended by North Carolina Cooperative Extension (Edmisten, et al., 

2005). Plots were fertilized and limed based on a soil-test sent to the North Carolina 

Department of Agriculture & Consumer Services for each plot.  Seed cotton yield for 
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2008 was determined by conducting four hand harvests over a nine week period, in order 

to observe any delays in boll set and each harvest was weighed individually. Due to 

differences in weather conditions only three harvests were conducted over a six week 

period in 2009. Lint from all four harvests in 2008 were combined by plot and ginned to 

obtain a total lint yield for the year. Lint yields from the first two harvests were ginned 

and a total lint yield was calculated based on the ratio of seed cotton yield to lint in 2009.     

Samples for nematode assays were collected prior to planting (Pi), mid-season 

(Pm) and following the final harvest (Pf) in 2008 and 2009. Soil samples comprised of 

six to eight cores (2.5 cm in diameter) taken to a depth of 15 cm. A 250 cm3 sub-sample 

was processed by elutriation and centrifugation to extract juvenile nematodes (J2) from 

soil. (Byrd et al., 1976; Jenkins, 1964) 

Analysis of possible interaction effects on nematode population and cotton 

productivity was conducted using SAS, version 9 (SAS Institute, Cary, NC). Nematode 

data was transformed log10 (x + 1) to standardize the variance. The Waller Duncan k-ratio 

test t test and Tukey’s Studentized Range (HSD) test were used for mean separation 

comparisons between soil types. Analysis over years was completed using PROC GLM 

in SAS. Scatter plots were produced using SigmaPlot 8.0 (Systat Software Inc., Chicago, 

IL) and were fitted with simple regression lines.  
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RESULTS 

 

When data was combined from both years, soil type affected volumetric water 

content (θ) independently from irrigation at the 15cm depth (P = 0.0018). The Waller 

Duncan k-ratio t test showed the Portsmouth sandy loam and Muck soils had the greatest 

differences between irrigated and nonirrigated average θ, but all soils had greater 

volumetric water content at the 15 cm depth when irrigation was applied (k-ratio = 100) 

(Figure 2). The combination of both irrigated and nonirrigated plots showed the 

Portsmouth loamy sand and the Cecil soils had similar soil volumetric water content at 15 

cm (k-ratio = 100) (Figure 3). The Cecil sandy loam differed from the rest of the soil 

types when compared (k-ratio = 100). The Portsmouth loamy sand and the Cecil sandy 

clay were similar to the Muck but not to the Norfolk sandy loam or the Fuquay sand (k-

ratio = 100). These two soils had equivalent average volumetric water content to but were 

not entirely dissimilar to Muck (k-ratio = 100).  

When only comparing irrigated plots at the 15 cm depth Cecil sandy loam and 

Fuquay sand differed from each other using the Waller Duncan k-ratio t test (k-ratio = 

100) (Figure 4). The Cecil sandy loam had the greatest θ and the Fuquay the lowest of all 

soil types. The test also showed in nonirrigated plots the Cecil sandy clay and Cecil sandy 

loam differed from the Muck soil, but no other differences were statistically evident (k-

ratio = 100) (Figure 5). 

Soil type and irrigation treatment had an interactive effect on θ at 30 cm (P = 

0.0081). Over all irrigation treatments the Cecil sandy loam had the greatest average 
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volumetric water content (Figure 6) whereas, the Cecil sandy clay, Portsmouth loamy 

sand and Muck soils had similar θ at this depth (k-ratio = 100).  The Norfolk sandy loam 

and Fuquay had the lowest volumetric soil water content.  These two soils were also the 

only ones which had differences in θ for irrigated versus nonirrigated plots at this depth 

(k-ratio = 100) (Figure 7). The irrigated Cecil sandy loam had statistically different 

average θ compared to the other irrigated soils at 30cm (k-ratio = 100) (Figure 8). In the 

low moisture system the two Cecil soils and Muck had similar average volumetric soil 

water content (k-ratio = 100) (Figure 9). Norfolk sandy loam and Fuquay sand were also 

similar and had the smallest average θ (k-ratio = 100).  

Soil type was associated with R. reniformis population variation at every sampling 

date in both years of the study (Table 7). An interaction between soil type and irrigation 

affected the initial season population (Pi) and the final population (Pf) in 2009. Both 

irrigation and soil texture had an effect on the mid-season population (Pm) of this year 

and the soil type × irrigation interaction was not significant (P ≤ 0.10). The combined 

data set consistently showed the Portsmouth sandy loam to have a greater reniform 

nematode population level than all other soil types. Fuquay sand, Muck soil, and Cecil 

sandy loam generally had lower population levels, however not appreciably from others 

when comparing using Waller Duncan k-ratio t test (k-ratio = 100).   

Nonirrigated Portsmouth sandy loam and Fuquay sand plots produced 

approximately 90% of the average total seed cotton yield with in the first two harvest 

periods in 2008 (Figure 10). Nonirrigated Norfolk sandy loam and Muck produced 

respectively 86% and 88% of the average plot total seed cotton yield within this period 
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while nonirrigated Cecil sandy clay and Cecil sandy loam produced 68% and 59% from 

the first two harvests. 85% of total average seed cotton yield was harvested from irrigated 

Muck plots and 84% from irrigated Fuquay sand in 2008. Irrigated Norfolk sandy loam 

and Portsmouth sandy loam produced 80% of total seed cotton yield on average per plot 

in this same period. Irrigated Cecil sandy clay had less seed cotton harvested during this 

period accounting for only 61% on average, however the percentage in irrigated Cecil 

sandy loam accounting for only 47% on average.  

Harvesting began about a week later in 2009 than it had in 2008 due to weather 

constraints. Nonirrigated Fuquay sand and Muck had an average of approximately 82% 

of total seed cotton yield in the first and second harvests in 2009 (Figure 11). Data 

showed on average in nonirrigated Norfolk sandy loam and Portsmouth sandy loam these 

harvests were responsible for 78% and 79% of the total seed cotton yield per plot. Cecil 

sandy loam and Cecil sandy clay nonirrigated plots on average had 67% and 68% of total 

seed cotton yield in the first two harvests. These harvests were responsible for an average 

of 85% of the total seed cotton harvested per plot in irrigated Norfolk sandy loam. It also 

accounted for an average of  73% in irrigated Portsmouth sandy loam, 72% in irrigated 

Muck, 71% in irrigated Fuquay sand, 70% in Cecil sandy loam and 63% in irrigated 

Cecil sandy clay.   

The Muck soil had the greatest average lint yield when the data was combined 

from both years; however it did not differ from the yield in Portsmouth sandy loam (k-

ratio = 100) (Figure 12). Fuquay sand had the lowest average lint yield per plot over the 
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two year period, but was not different from Cecil sandy loam, Cecil sandy clay, and 

Norfolk sandy loam (k-ratio = 100).  

Soil type (P = 0.05), irrigation treatment (P = 0.0003), and initial nematode 

population (P = 0.008) had an effect on average lint yield for the combined data set from 

both years and all soils (Table 8). ANOVA by soil type showed an interaction effect 

between irrigation and Pi for Portsmouth sandy loam (P = 0.01) (Table 9). Irrigation had 

no effect on lint yield over the two year period for Cecil sandy clay (P = 0.20), Cecil 

sandy loam (P = 0.45), and Fuquay sand (P = 0.36). Pi showed no effect on lint yield in 

Cecil sandy loam (P = 0.47). Irrigation resulted in increased yield in both the Muck and 

Norfolk sandy loam and lint yield was suppressed by R. reniformis Pi in both soils, the 

interaction of Pi and irrigation however was NS (P ≤ 0.10). Muck soil (P = 0.0001, 0.013, 

0.65) and Norfolk sandy loam (P = 0.0001, 0.024, 0.11).  

Analysis for the effects of irrigation and Pi on lint production by soil type 

garnered regression lines of y = 42 - 6.7x (R2 = 0.23) for irrigated Fuquay sand and y = 

63 -12.2x (R2 = 0.35) for nonirrigated Fuquay sand (Figure 13). Norfolk sandy loam had 

results of y = 73 - 11.7x (R2 = 0.42) over irrigated plots and = 50.5 - 6.6x (R2 = 0.3) 

(Figure 14). Irrigated Portsmouth loamy sand was y = 87.8 - 12.1x (R2 = 0.31) and 

nonirrigated y = 40.5 - 2.9x (R2 = 0.06) (Figure 15). The lines for Muck were y = 69.4 - 

6.2x (R2 = 0.11) for irrigated and y = 52.1 - 7.0x (R2 = 0.26) for nonirrigated (Figure 16). 

Regression line for irrigated Cecil sandy loam was y = 48.4 – 2.4x (R2 = 0.01) and for 

nonirrigated y = 38.1 – 2.3x (R2 = 0.02) (Figure 17). Finally, the regression analysis for 
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Cecil sandy clay showed irrigated plots y = 70.0 – 11.1x (R2 = 0.28) and = 54.4 -8.0 (R2 

= 0.03) in nonirrigated plots (Figure 18). 
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DISCUSSION 

 

The differences established in soil volumetric moisture content were sufficient for 

the goals of the research project. Higher rates of irrigation were used in the Fuquay sand, 

Norfolk sandy loam and Muck based on previous experience with the drainage 

characteristics of these soils (Koenning and Barker, 1995). Differences in θ associated 

with irrigation appeared to be more pronounced at 15cm deep in the soil profile than at 

30cm. This may have been due to a clay sub-soil beneath most of the plots, which would 

allow better water retention at this depth. Soils with higher of clay contents, Cecil sandy 

clay and Cecil sandy loam, had better water retention than very sandy soils such as the 

Fuquay sand. These two soils showed no effect of irrigation on lint yield. Irrigation water 

drained rapidly through the Fuquay sand before it could be taken up by the root system so 

lack of obvious improvement due to irrigation is not surprising. In the Cecil sandy loam 

and Cecil sandy clay, it is likely that the presence of plant available water even in 

nonirrigated plots may have resulted in a similar growth pattern as that of those receiving 

irrigation, allowing for no statistical differences in lint yield.  

The addition of irrigation improved the total seed cotton yield in 2008 and in 2009 

in all soils with the exception of Fuquay sand which has poor soil moisture retention 

characteristics. It was expected much of any additional yield due to irrigation would be 

produced in the early portion of the growing season which is consistent with the data.  

Conventional systems harvest mechanically once late in the season and it was thought 

this would reduce any benefit from extra early season yield as it would fail to be 
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captured. However, the percentage of seed cotton harvested on average during the first 

two harvests of both years was greater in nonirrigated plots than for irrigated plots in all 

soil types except Norfolk sandy loam in 2009. This calls into question the assumption 

that additional yield would not be obtained through irrigation since the nonirrigated 

plants are also producing the bulk of their crop during this period. 

Impact of soil type on R. reniformis was similar to results obtained in previous 

studies (Koenning et al., 1996). Portsmouth sandy loam was one of the greatest yielding 

soils in spite of having consistently the greatest nematode population levels. The 

Portsmouth was also the only soil in which nematode population and irrigation had an 

interaction on lint yield. However, regression analysis performed also suggested a Pi × 

irrigation interaction in Norfolk sandy loam. Fuquay sand regression analysis also 

suggested an interaction, however, unlike the Norfolk sandy loam and the Portsmouth 

loamy sand the nonirrigated had a greater intercept and slope than the irrigated.  In all 

other soils these factors appeared to behave independently if there were any effects at all. 

The appearance of interactions in Norfolk sandy loam and particularly in Portsmouth 

loamy sand could have been due to the extremely high population levels that were 

reached in these soils and may explain why this was not also apparent in other soil types. 

The Fuquay sand does not maintain moisture well and the population and yield potential 

were not as great as in Norfolk sandy loam or in Portsmouth loamy sand so the 

appearance of an interaction was unexpected. Further research should be done in order to 

confirm this observation.  
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In conclusion, the most significant finding of this research was the interaction of 

irrigation with Pi in certain soil types. Greater damage caused by reniform nematode with 

irrigation tended to be in the most productive soils, which may indicate that nematode 

damage increases with increasing productivity.  In these situations control of reniform 

nematodes becomes more profitable. Koenning et al. found in 2007 it was more cost 

effective to treat for R. reniformis in situations of high productivity verses in areas with 

low average production yield. Soils such as the Cecil sandy loam, which showed no 

effect of Pi on lint yield in this study, typically yield very poorly and application of 

nematicidal treatments would likely be uneconomical for growers. As mentioned 

previously, this also has major implications in precision application of nematicides in 

fields with mixed soil types and internal productivity variation and should be considered 

in future recommendations.   
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Table 1. Scientific classifications of soils along with common name and sand, silt, clay and organic 
mater percentages of composition. 
 
Soil Scientific classification 

 
% sand % silt % clay % O.M. 

Fuquay sand 
Loamy, siliceous,  
thermic, arenic plinthic Kandiudults 

 
91 

 
6 

 
3 

 
0.6 

Norfolk sandy loam 
Fine-loamy, siliceous, thermic 
Kandiudults 

 
84 

 
12 

 
4 

 
1.4 

Portsmouth loamy 
sand 

Fine-loamy, over sandy or sandy-
skeletal,  
mixed thermic Typic Umbraquelts 

 
72 

 
18 

 
10 

 
3.8 

Muck Medisaprists 
 

58 
 

33 
 
9 >30 

Cecil sandy loam 
Clayey, kaolinitic, thermic,  
Typic Kanhapludults 

 
53 

 
18 

 
29 

 
2.2 

Cecil sandy clay 
Clayey, kaolinitic, thermic,  
Typic Kanhapludults 

 
48 

 
13 

 
39 

 
0.9 

 
 
 
 
Table 2. Irrigation, planting and important dates. 

Date Notes 
June 10, 2008 planting 
July 1, 2008 closed plot tops 
July 29, 2008 irrigation begun following initial reading 
September 17, 2008 all plots watered 
November 28, 2008 plot tops removed 
April 23, 2009 fertilizer watered in 
May 14, 2009 watered for planting 
May 19, 2009 watered for soil sampling 
June 4, 2009 watered for reseeding 
July 20, 2009 closed plot tops 
August 4, 2009 fertilizer watered in 
August 5, 2009 irrigation begun  
August 24, 2009 fertilizer watered in 
October 14, 2009 plot tops removed 



Table 3. Mean volumetric soil moisture (θ in m3m-3) at 15cm depth for irrigated (+) and nonirrigated (-) microplots determined on three dates 
in 2008 for six soil types. 

 July 29, 2008  September 14, 2008  October 31, 2008 
 + -  + -  + - 
Fuquay sand 0.05 0.07  0.02 0.02  0.11 0.07 
Norfolk sandy loam 0.04 0.04  0.12 0.05  0.13 0.10 
Portsmouth loamy 
sand 0.11 0.06  0.03 0.06  0.14 0.09 
Muck 0.03 *  0.09 0.02  0.15 0.14 
Cecil sandy loam 0.07 0.08  0.18 0.03  0.19 0.12 
Cecil sandy clay 0.10 0.10  0.09 0.06  0.23 0.06 

* Indicates missing data point. 
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Table 4. Mean volumetric soil moisture (θ in m3m-3) at 15cm depth for irrigated (+) and nonirrigated (-) microplots determined on seven dates 
in 2009 for six soil types. 
 
 July 29, 2009  August 8, 2009  August 20, 2009 
 + -  + -  + - 
Fuquay sand 0.09 0.09  0.12 0.09  0.12 0.03 
Norfolk sandy loam * 0.13  0.15 0.11  * 0.04 
Portsmouth loamy 
sand 0.07 0.05  0.17 0.09  0.16 0.06 
Muck 0.06 *  0.14 0.04  0.13 * 
Cecil sandy loam 0.09 0.10  0.23 0.19  * 0.10 
Cecil sandy clay 0.14 *  0.16 0.18  0.10 0.03 

 
 September 3, 2009  September 13, 2009  September 24, 2009  October 8, 2009 
 + -  + -  + -  + - 
Fuquay sand 0.13 0.04  0.11 0.05  0.13 0.08  0.05 0.06 
Norfolk sandy loam 0.14 0.05  0.10 0.03  0.13 0.05  0.05 0.04 
Portsmouth loamy sand 0.20 0.10  0.17 0.04  0.18 0.08  0.08 0.08 
Muck 0.16 *  0.10 *  0.12 *  0.03 0.03 
Cecil sandy loam 0.16 0.09  0.13 0.08  0.16 0.10  0.06 0.06 
Cecil sandy clay 0.13 0.09  0.10 0.07  0.15 0.10  0.09 0.09 
* Indicates missing data point. 
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Table 5. Mean volumetric soil moisture (θ in m3m-3) at 30cm depth for irrigated (+) and nonirrigated (-) microplots determined on three dates 
in 2008 for six soil types. 

 July 29, 2008  September 14, 2008  October 31, 2008 
  + -  + -  + - 
Fuquay sand  0.02 0.04  0.03 0.02  0.13 0.08 
Norfolk sandy loam  0.04 0.04  0.14 0.05  0.14 0.11 
Portsmouth loamy sand  0.06 0.11  0.02 0.10  0.21 0.16 
Muck  0.05 *  0.11 0.03  0.19 0.17 
Cecil sandy loam  0.12 0.17  0.25 0.03  0.22 0.24 
Cecil sandy clay  0.10 0.15  0.09 0.08  0.28 0.13 

* Indicates missing data point. 
 
 
 
 
Table 6.  Mean volumetric soil moisture (θ in m3m-3) at 30cm depth for irrigated (+) and nonirrigated (-) microplots determined on seven 
dates in 2009 for six soil types. 

 July 29, 2009  August 8, 2009  August 20, 2009 
 + -  + -  + - 
Fuquay sand 0.10 0.07  0.18 0.08  0.18 0.06 
Norfolk sandy loam * 0.17  0.16 0.18  * 0.06 
Portsmouth loamy sand 0.11 0.12  0.18 0.16  0.17 0.13 
Muck 0.04 *  0.15 0.20  0.07 * 
Cecil sandy loam 0.21 0.22  0.20 0.24  * 0.19 
Cecil sandy clay 0.20 *  0.22 0.21  0.16 0.15 
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Table 6. Continued 

* Indicates missing data point. 

 September 3, 2009  September 13, 2009  September 24, 2009  October 8, 2009 
 + -  + -  + -  + - 
Fuquay sand 0.19 0.09  0.16 0.05  0.19 0.05  0.07 0.06 
Norfolk sandy loam 0.15 0.08  0.13 0.06  0.15 0.07  0.10 0.05 
Portsmouth loamy sand 0.21 0.12  0.19 0.10  0.19 0.06  0.10 0.10 
Muck 0.16 0.18  0.12 0.28  0.11 0.20  0.11 0.22 
Cecil sandy loam 0.20 0.19  0.17 0.17  0.19 0.17  0.19 0.18 
Cecil sandy clay 0.13 0.17  0.13 0.16  0.13 0.16  0.10 0.17 

 
 
 
 
Table 7.  Partial analysis of variance for effects of soil and irrigation on Rotylenchulus reniformis population densities for each sample date, at 
planting (Pi), midseason (Pm), and cotton harvest (Pf) for 2008 and 2009. 

Source   F valuex

2008   DF   Pi Pm Pf 
 soil 5  10.07** 6.98** 10.18** 
 irrigation 1  1.12 0.02 0.03 
 soil × irrigation 5  0.66 0.57 1.11 
       

2009   DF   Pi Pm Pf 
 soil 5  10.39** 3.47** 13.27** 
 irrigation 1  1.06 11.54** 34.76** 
  soil × irrigation 5   2.87* 0.71 3.42** 
xValues followed by * and ** are significant at P ≤ 0.05 and 0.01, respectively.   

 
 

 



Table 8.  Partial analysis of variance combined over years 2008 and 2009 for cotton lint yield 
(g/microplot). 
    F valuex

 Source   DF  Lint Yield 
Irrigation  1   17.55**  
Pi  1   106.37** 
Soil  5   2.78* 
Year 1  0.47 
Replication 4  1.03 
Irrigation × Soil    5   3.10** 
Irrigation × Pi 1   4.09* 
Irrigation × Soil × Pi  10     2.36** 
x Nematode population densities were log transformed (log10 x + 1) Values followed by * 
and ** are significant at P ≤ 0.05 and 0.01, respectively. No third degree interactions were 
significant. 
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Table 9.  Partial analysis of variance combined over years 2008 and 2009 for cotton lint yield 
(g/microplot). 
   F valuex

Source DF Lint Yield 
Fuquay sand   
 Irrigation 1 0.86 
 Pi 1 39.94** 
 Irrigation × Pi 1 0.24 
    
Norfolk sandy loam   
 Irrigation 1 5.34* 
 Pi 1 35.22** 
 Irrigation × Pi 1 2.67 
    
Portsmouth loamy sand  
 Irrigation 1 15.65** 
 Pi 1 14.84** 
 Irrigation × Pi 1 7.81** 
    
Muck    
 Irrigation 1 6.48* 
 Pi 1 22.32** 
 Irrigation × Pi 1 0.21 
    
Cecil sandy loam   
 Irrigation 1 0.57 
 Pi 1 0.53 
 Irrigation × Pi 1 0.02 
    
Cecil sandy clay   
 Irrigation 1 1.67 
 Pi 1 25.06** 
  Irrigation × Pi 1 0.66 
x Nematode population densities were log transformed (log10 x + 1) Values 
followed by * and ** are significant at P ≤ 0.05 and 0.01, respectively. 
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Figure 1. Life cycle of Rotylenchulus reniformis, originally published in Nematropica (Robinson et al., 
1997). (A) Cotton plant. (B) Verniform female R. reniformis nematode penetrates cotton root and 
establishes a feeding site. (C) Male Rotylenchulus reniformis. (D) Female R. reniformis becomes 
swollen after feeding and fertilization of oocytes. (E) Fecund female deposits eggs in a gelatinous 
matrix and egg undergoes cell divisions that lead to development of first-stage juveniles (J1) that 
molts to form a second-stage juvenile (J2) that hatches from the egg. (F) J2 through J4 stages are 
fairly immobile and do not feed (Cuticles are retained from previous molts for J3 and J4 stages 
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Figure 2. Mean volumetric soil moisture (θ in m3m-3) at 15cm depth for irrigated and nonirrigated 
microplots determined from all sample dates by soil type. Fuquay specifies Fuquay sand, Norfolk 
signifies Norfolk sandy loam, Portsmouth is equivalent to Portsmouth loamy sand, Cecil loam 
designates Cecil sandy loam and Cecil clay indicates Cecil sandy clay. – indicates mean among plots 
receiving no irrigation. + indicates mean among irrigated plots. Means within a soil type treatment 
followed by the same letter are not different according to Tukey’s Studentized Range (HSD) test 
(alpha = 0.05).   
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Figure 3. Mean volumetric soil moisture (θ in m3m-3) at 15cm depth by soil type determined from all 
sample dates. Means within a treatment followed by the same letter are not different according to 
Waller-Duncan k-ratio t test (k-ratio = 100). Fuquay specifies Fuquay sand, Norfolk signifies Norfolk 
sandy loam, Portsmouth is equivalent to Portsmouth loamy sand, Cecil loam designates Cecil sandy 
loam and Cecil clay indicates Cecil sandy clay. 
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Figure 4. Mean volumetric soil moisture (θ in m3m-3) at 15cm depth in irrigated plots by soil type 
determined from all sample dates. Means within a treatment followed by the same letter are not 
different according to Waller-Duncan k-ratio t test (k-ratio = 100). Fuquay specifies Fuquay sand, 
Norfolk signifies Norfolk sandy loam, Portsmouth is equivalent to Portsmouth loamy sand, Cecil 
loam designates Cecil sandy loam and Cecil clay indicates Cecil sandy clay. 
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Figure 5. Mean volumetric soil moisture (θ in m3m-3) at 15cm depth in nonirrigated plots by soil type 
determined from all sample dates. Means within a treatment followed by the same letter are not 
different according to Waller-Duncan k-ratio t test (k-ratio = 100). Fuquay specifies Fuquay sand, 
Norfolk signifies Norfolk sandy loam, Portsmouth is equivalent to Portsmouth loamy sand, Cecil 
loam designates Cecil sandy loam and Cecil clay indicates Cecil sandy clay. 
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Figure 6. Mean volumetric soil moisture (θ in m3m-3) at 30cm depth for irrigated and nonirrigated 
microplots determined from all sample dates by soil type. Fuquay specifies Fuquay sand, Norfolk 
signifies Norfolk sandy loam, Portsmouth is equivalent to Portsmouth loamy sand, Cecil loam 
designates Cecil sandy loam and Cecil clay indicates Cecil sandy clay. – indicates mean among plots 
receiving no irrigation. + indicates mean among irrigated plots. Means within a soil type treatment 
followed by the same letter are not different according to Tukey’s Studentized Range (HSD) test 
(alpha = 0.05).  
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Figure 7.  Mean volumetric soil moisture (θ in m3m-3) at 30cm depth by soil type determined from all 
sample dates. Means within a treatment followed by the same letter are not different according to 
Waller-Duncan k-ratio t test (k-ratio = 100). Fuquay specifies Fuquay sand, Norfolk signifies Norfolk 
sandy loam, Portsmouth is equivalent to Portsmouth loamy sand, Cecil loam designates Cecil sandy 
loam and Cecil clay indicates Cecil sandy clay. 
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Figure 8. Mean volumetric soil moisture (θ in m3m-3) at 30cm depth in irrigated plots by soil type 
determined from all sample dates. Means within a treatment followed by the same letter are not 
different according to Waller-Duncan k-ratio t test (k-ratio = 100). Fuquay specifies Fuquay sand, 
Norfolk signifies Norfolk sandy loam, Portsmouth is equivalent to Portsmouth loamy sand, Cecil 
loam designates Cecil sandy loam and Cecil clay indicates Cecil sandy clay. 
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Figure 9. Mean volumetric soil moisture (θ in m3m-3) at 30cm depth in nonirrigated plots by soil type 
determined from all sample dates. Means within a treatment followed by the same letter are not 
different according to Waller-Duncan k-ratio t test (k-ratio = 100). Fuquay specifies Fuquay sand, 
Norfolk signifies Norfolk sandy loam, Portsmouth is equivalent to Portsmouth loamy sand, Cecil 
loam designates Cecil sandy loam and Cecil clay indicates Cecil sandy clay. 
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Figure 10. Mean seed-cotton yield for 2008 at four different harvests. – indicates mean among plots 
receiving no irrigation. + indicates mean among irrigated plots. Fuquay specifies Fuquay sand, 
Norfolk signifies Norfolk sandy loam, Portsmouth is equivalent to Portsmouth loamy sand, Cecil 
loam designates Cecil sandy loam and Cecil clay indicates Cecil sandy clay. 
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Figure 11. Mean seed-cotton yield for 2009 at three different harvests. – indicates mean among plots 
receiving no irrigation. + indicates mean among irrigated plots. Fuquay specifies Fuquay sand, 
Norfolk signifies Norfolk sandy loam, Portsmouth is equivalent to Portsmouth loamy sand, Cecil 
loam designates Cecil sandy loam and Cecil clay indicates Cecil sandy clay. 
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Figure 12. Mean cotton lint yield by soil type combined over 2008 and 2009. Fuquay specifies Fuquay 
sand, Norfolk signifies Norfolk sandy loam, Portsmouth is equivalent to Portsmouth loamy sand, 
Cecil loam designates Cecil sandy loam and Cecil clay indicates Cecil sandy clay. Error bars indicate 
the standard deviation of the mean within that soil type. Means with the same letter do not differ 
according to Waller-Duncan k-ratio t test (k-ratio = 100). 
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 Figure 13. Regression analysis for effects of initial density per 250 cm3 soil (Pi) of Rotylenchulus 
reniformis and of irrigation on cotton lint yield of cultivar ST5327B2RF in Fuquay sand combined 
for 2008 and 2009. Irrigated = 42 -6.7x (R2 = 0.23), Nonirrigated = 63 -12.2x (R2 = 0.35) 
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Figure 14. Regression analysis for effects of initial density per 250 cm3 soil (Pi) of Rotylenchulus 
reniformis and of irrigation on cotton lint yield of cultivar ST5327B2RF in Norfolk sandy loam 
combined for 2008 and 2009. Irrigated = 73 - 11.7x (R2 = 0.42), Nonirrigated = 50.5 - 6.6x (R2 = 0.3) 
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Figure 15. Regression analysis for effects of initial density per 250 cm3 soil (Pi) of Rotylenchulus 
reniformis and of irrigation on cotton lint yield of cultivar ST5327B2RF in Portsmouth combined for 
2008 and 2009. Irrigated = 87.8 - 12.1x (R2 = 0.31), Nonirrigated = 40.5 - 2.9x (R2 = 0.06) 
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Figure 16. Regression analysis for effects of initial density per 250 cm3 soil (Pi) of Rotylenchulus 
reniformis and of irrigation on cotton lint yield of cultivar ST5327B2RF in Muck combined for 2008 
and 2009. Irrigated = 69.4 - 6.2x (R2 = 0.11), Nonirrigated = 52.1 - 7.0x (R2 = 0.26) 
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Figure 17. Regression analysis for effects of initial density per 250 cm3 soil (Pi) of Rotylenchulus 
reniformis and of irrigation on cotton lint yield of cultivar ST5327B2RF in Cecil sandy loam 
combined for 2008 and 2009. Irrigated = 48.4 – 2.4x (R2 = 0.01), Nonirrigated = 38.1 – 2.3x (R2 = 0.02) 
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Figure 18. Regression analysis for effects of initial density per 250 cm3 soil (Pi) of Rotylenchulus 
reniformis and of irrigation on cotton lint yield of cultivar ST5327B2RF in Cecil sandy clay combined 
for 2008 and 2009. Irrigated = 70.0 – 11.1x (R2 = 0.28), Nonirrigated = 54.4 -8.0 (R2 = 0.03)  
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